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Abstract 
Because the contaminated fresh produce and raw materials for food with animal fecal matter can introduce foodborne 
illness, it is necessary to develop an automatic inspection system to detect the fecal contamination on fresh produce. 
The hyperspectral fluorescence imaging system using ultraviolet-A excitation (320~400 nm) was investigated to 
detect the bovine fecal contamination on the abaxial and adaxial surfaces of romaine lettuce and baby spinach leaves. 
An image processing algorithm to detect the fecal contamination spots for public health concern was investigated 
while it correctly indentifies the clean leaf surfaces. The developed algorithm could successfully detect the fecal 
contamination spots on the adaxial and abaxial surfaces of romaine lettuce and baby spinach.  
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1. Introduction 
According to the United States Centers for Disease Control and Prevention (CDC), 76 million people 
are ill, hospitalized people are more than 325,000 and 5,000 people cannot survive from foodborne illness 
and the estimated economic loss due to foodborne illness is in the range of $10-83 billion every year [1]. 
The occurring number of foodborne illness outbreak related to consumption of fresh produce has been 
increased annually in Unites States. From 1996 to 2008, there were approximately 82 reported outbreaks 
of foodborne illness with the consumption of fresh produce. Among these produce-related outbreaks, 
roughly 28 (34.1%) were linked to the consumption of leafy greens such as lettuce and spinach [2]. 
Between 1995 and 2005, there were 18 outbreaks of foodborne illness caused by Escherichia coli
O157:H7 for which fresh or fresh-cut lettuce or spinach was implicated as the outbreak vehicle.  In one 
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additional case, fresh-cut spinach was implicated. These 19 outbreaks account for approximately 409 
reported cases of illness and two deaths [3].  
Because animal fecal matter can introduce human pathogens to fresh produce [4], vegetable crops, 
which are grown in fields enriched with manure of in proximity to wild animals or livestock, have the 
potential risk of contamination. The contaminated fresh leafy greens, such as lettuce, alfalfa, spinach, and 
sprouts, by fecal matter can cause human infection and are the source of foodborne illness [5]. It has been 
reported that several E.coli O157:H7 outbreaks were associated with shredded iceberg lettuce and romaine 
lettuce [6, 7]. The origin of the such contamination may from irrigation water contaminated with wildlife 
feces [5, 8]. These foodborne illness outbreaks drive the food safety initiatives to save public health from 
pathogens associated with fresh produce [9, 10]. Thus, development of automatic inspection system with 
fast and accurate has been required to detect the bovine fecal contamination on fresh produce. 
Hyperspectral imaging technique has been applied to food quality and safety to detect the defects or 
fecal contamination on fruits and vegetables [11, 12] and find the microbial contamination such as 
bacterial biofilms on food processing equipments [13]. 
From the hyperspectral imaging technique, the fluorescence imaging showed good detection results for 
the spots of diluted fecal contamination on apples. Detection can be allowed by contaminant constituents 
in feces such as chlorophyll a and its byproducts [14]. 
The objective of this study is to use a hyperspectral fluorescence imaging system to detect the bovine 
fecal matter on leafy green vegetables such as romaine lettuce and baby spinach. Image processing 
algorithm will be investigated to find the possibility of detecting the fecal contamination spots on leafy 
green vegetables. 
2. Materials & Methods 
The prepared leafy vegetables are romaine lettuce (Lactua sativa L.) and baby spinach leaves 
(Spinacia olerace L.) and they were obtained from a local market. Two or three leaves from each head of 
lettuce were taken and washed for approximately 30 seconds. The each spinach leaf was washed by the 
same method. The feces samples are obtained from Holstein cows which are growing at the Dairy 
Operations Unit, Beltsville Area Research Center, Agricultural Research Service, United States 
Department of Agriculture. The collected feces were stored at a refrigerator until the experiment.  Forty 
leaves of romaine lettuce and forty leaves of baby spinach leaves were prepared for the fecal 
contamination. For each fresh produce, twenty leaves were used the adaxial surface and another twenty 
leaves were used for abaxial surface.  Approximately 5-mm diameter fecal spot was applied on each 
lettuce and baby spinach leaf surface using a spatula. For each leave, six fecal spots and two soil spots 
were applied on surface. Samples were placed on a tray which is covered with non-fluorescent black 
cloth.  
The used hyperspectral line-scan imaging systems has electron-multiplying-charge-coupled-device 
(EMCCD) camera (Luca, Andor Technology Inc., South Windsor, CT, U.S.A.), an imaging spectrograph 
(HyperspecTM VNIR Concentric Imaging spectrograph, Headwall Photonics, Fitchburg, MA, U.S.A.), 
lenses (Rainbow CCTV S6X11, International Space Optics, S.A., Irvine, CA, USA), a pair of ultraviolet 
(UV)-A lights at 365 nm providing near-uniform illumination to the linear field of view (FOV), as shown 
in Fig. 1. 
Fluorescence images are acquired under low illumination and scanning speed in food processing plant 
is high, the EMCCD camera must acquire high-resolution images in high speed with high sensitivity. The 
spectrograph was used to create the spectrum of each pixel along the linear field of view as line-scanning.  
Samples can move on a motorized table at a 0.5 mm interval to simulate line scanning in the real food 
processing line. Each acquired line-scan image has spatial data along one direction and spectral data 
along another vertical direction. The image size of 250 (spectral) × 200 (spatial) pixels was obtained by 2 
× 2 binning the original line-scan image size of 500 (spectral) × 400 (spatial) pixels. From the preliminary 
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trial-and-error study, only 60 channels ranging from 421 nm to 700 nm with an approximate 4.8 nm 
interval was enough to containing the useful information. Thus, the final image size for analysis was 
reduced to 60 (spectral) × 200 (spatial) pixels. Image acquiring program was developed by using MS 
Visual Basic (version 6.0, Microsoft, Co., Redmond, WA, U.S.A.) with the development kit provided by 
the EMCCD manufacturer (Andor Software Development Kit, Andor Technology Inc., South Windsor, 
CT, U.S.A.). After hyperspectral fluorescence images are acquired, image processing program (Envi, ITT 
Visual Information Solutions, Boulder, CO, U.S.A.) was used to analyze the image data. Principal 
Component Analysis (PCA) was applied to the masked leaves in the spectral range of 416 nm to 700 nm 
to select the most significantly contributing linear wavelength combinations or PCA bands. The original 
hyperspectral image with fecal contamination on leaves is then rotated along these PCA bands to 
calculate the loadings or “scores”, for each pixel of the image along the considered PAC axis [18].  
Fig. 1. The hyperspectral fluorescence line-scan imaging system 
3. Results & Discussion 
The emission spectra of fluoresce from 416 nm to 700 nm for leaf veins, inter-vein leaf surfaces and 
fecal contamination spots for adaxial and abaxial surfaces of romaine lettuce and baby spinach, 
respectively, are shown in Fig. 2. The spectra of soil were similar to those of non-fluorescent black cloth. 
The emission maxima for the romaine lettuce and baby spinach leaves were between 660 nm and 690 nm, 
approximately, and this may be related to the intensity of chlorophyll a in the romaine lettuce and baby 
spinach leaves. The ultraviolet absorbing materials such as flavin, carotene, and phenolic compounds in 
leaves emit blue and green fluorescence under the ultraviolet-A excitation exposure [15]. The chlorophyll 
a in leaves emits red and far red fluorescence [16]. Because of more intercellular air spaces and less active 
photosynthesis in the abaxial surfaces, higher fluorescence emissions was shown on abaxial surfaces of 
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leaves than adaxial surfaces of leaves [17]. Compared to the emission peak for leafy green surface, the 
emission peak for the fecal contamination spots are shifted toward the shorter wavelength. It was 
distinguishable that each emission peaks for vein, inter-vein, and bovine manure.  
Fig. 2. The spectra for (a) romaine lettuce at the adaxial surface, (b) romaine lettuce at the abaxial surface, (c) baby spinach at the 
adaxial surface, and (d) baby spinach at the abaxial surface 
Fig. 3 showed the flowchart of the algorithm for the implementation the imaging system. After 
obtaining a line-scan image, the spatial image at the 692-nm waveband was used to create a mask. The 
mask was applied to the whole image data to remove background of black cloth. Principal Component 
Analysis (PCA) was applied to the images of masked leaves in the spectral range of 416 nm to 700 nm to 
select the most significantly contributing linear wavelength combinations or PCA bands. The gray scale of 
each image pixels indicates the possibility of classification of clean and contaminated areas on the leave. 
The analysis of the spectral ranges contributing most to the best detection can determine the spectral 
contribution for each principal component using the coordinates of the corresponding eigenvectors. The 
threshold of 0.45 was applied to the each principal component image, giving any pixel whose value was 
lower than the threshold the value of zero, and assigning the value of one to the rest pixels. The 3 × 3 filter 
was then applied to the image to remove any false positive pixel. The final binary image presented the 
detection of fecal contamination on the leaf surface.  
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Fig. 3. The flowchart for the image processing and fecal contamination detection algorithm 
The first PCA band for all romaine lettuce and baby spinach appears to correspond to the average 
fluorescence intensity between 416 nm to 700 nm. Fig. 4 (a) and Fig. 5(a) showed the example of the 
principal component (PC) 2 result of romaine lettuce and baby spinach, respectively. It shows that the PC 
2 is more complex and is associated with the chlorophyll band absorption in vein and fecal contamination. 
Fig. 4 (b) and Fig. 5 (b) shows the detection result of the fecal contamination spots on romaine lettuce and 
baby spinach, respectively. It seems it is necessary to develop the different PC band for the different fresh 
produce.  
(a)                                                                (b)                                     
Fig. 4. The image processing result for romaine lettuce: (a) principal component 2 result of romaine lettuce, (b) principal component
5 result of romaine lettuce  
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(a)                                                            (b)                                     
Fig. 5. The image processing result for baby spinach: (a) principal component 2 result of baby spinach, (b) principal component 3 
result of baby spinach 
It showed that the hyperspectral imaging system with the developed detection algorithm could 
successfully detect the fecal contamination on the leaf surfaces and differentiate the contaminated fresh 
produce from the uncontaminated ones. The result also showed that the differences between two leaf 
surface (adaxial and abaxial), and two leaf surface areas (inter-vein and vein) did not cause any difficulty 
to the detection of bovine fecal contamination. This benefit is essential for online application of the 
algorithm by saving computation and operation time and effort.  
4. Conclusion 
In this study, the hyperspectral fluorescence line-scan imaging system was used for the detection of 
fecal contamination on the leaf surface of fresh produce. The research indicated that the principal 
component analysis method can be used for bovine fecal contamination detection. The mask created by 
the waveband at the 692 nm could be used to distinguish the objects from the background before 
obtaining the image. The threshold of 0.45 was applied to the ratio image to mark the pixels with fecal 
contamination, and the 3 × 3 filter was then applied to eliminating false positive pixels. The final binary 
images for certain principal component showed that the algorithm could successfully detect all of fecal 
contamination spots on the adaxial and abaxial surfaces of romaine lettuce and baby spinach. 
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